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CFD	 	 	 Computational	Fluid	Dynamics	
Cµ	 	 	 Model	Constant	
DTM	 	 	 Digital	Terrain	Model	
HiRISE	 	 	 High	Resolution	Imaging	Science	Experiment	
k	 	 	 Turbulent	Kinetic	Energy	
LMST	 	 	 Local	Mars	Solar	Time	
MSL	 	 	 Mars	Science	Laboratory	
MRAMS	 	 Mars	Regional	Atmospheric	Modelling	System	
MRO	 	 	 Mars	Reconnaissance	Orbiter	
MSL	 	 	 Mars	Science	Laboratory	
MY	 	 	 Mars	Year	
OpenFOAM	 	 Open	Field	Operation	and	Manipulation	
PDS	 	 	 Planetary	Data	System	
REMS	 	 	 Rover	Environmental	Monitoring	Station	
RTK	GPS	 	 Real	Time	Kinematic	Global	Positioning	System	
STL	 	 	 StereoLithography	
TKE	 	 	 Turbulent	Kinetic	Energy	
TLS	 	 	 Terrestrial	Laser	Scanner	
u*	 	 	 Shear	Velocity	
u	 	 	 Streamwise	velocity	
WRF	 	 	 Weather	Research	and	Forecasting	
z0	 	 	 Aerodynamic	roughness	length	
e	 	 	 Turbulent	dissipation	



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































1	 Hourglass*	 27.8	 0.9	 1.1	 1.8	 370.5	 27.5	 58.7	 5786.4	 8760.7	
2	 Hourglass	
	
1.1	 1.6	 4.4	 383.7	 26.2	 55.5	 5661.9	 20618.7	
3	 Hourglass	
	
1.5	 2.8	 4.1	 381.8	 49.7	 136.8	 13897.3	 44557.1	
4	 Hourglass*	 30.2	 0.5	 1.0	 1.7	 360.3	 30.1	 86.4	 8277.0	 10691.8	
5	 Hourglass	
	
0.9	 1.5	 2.6	 380.5	 46.0	 95.6	 9670.6	 20556.1	
6	 Hourglass*	 32.7	 0.8	 1.2	 6.0	 368.1	 38.5	 97.5	 9543.5	 45475.9	
7	 Hourglass	
	
0.5	 2.4	 4.7	 383.5	 29.0	 85.0	 8670.6	 31604.7	
8	 Hourglass*	 32.5	 0.2	 0.8	 2.9	 352.3	 27.6	 48.8	 4571.8	 11142.5	
9	 Hourglass*	 30.8	 0.6	 0.9	 6.3	 333.9	 37.8	 68.1	 6045.8	 32648.7	
10	 Hourglass	
	
1.2	 1.8	 2.1	 629.6	 40.1	 103.3	 17291.1	 28361.2	
11	 Hourglass	 28.5	 1.1	 1.4	 1.8	 389.1	 23.1	 42.1	 4352.2	 6472.2	
12	 Hourglass*	 35.0	 0.4	 1.0	 1.4	 377.0	 32.7	 128.7	 12904.0	 13574.6	
13	 Hourglass	
	
0.5	 1.5	 7.9	 387.9	 39.4	 138.5	 14294.8	 85891.6	
14	 Hourglass	 33.2	 0.1	 0.3	 0.6	 386.8	 27.4	 129.3	 13305.2	 5886.4	
15	 Hourglass	 29.9	 0.2	 0.5	 0.7	 384.7	 21.9	 98.9	 10122.8	 5397.8	
16	 Hourglass	 27.6	 0.2	 0.5	 0.1	 365.7	 24.6	 99.9	 9717.7	 582.2	
17	 Hourglass	
	
0.2	 0.6	 0.9	 588.1	 26.7	 103.1	 16129.7	 11414.7	
18	 Hourglass	
	
0.2	 0.9	 0.9	 371.8	 32.4	 74.0	 7313.0	 5408.1	
19	 Hourglass*	 33.7	 0.2	 0.3	 1.7	 372.8	 30.4	 80.6	 7989.3	 10637.2	
20	 Hourglass	 35.0	 0.9	 1.6	 2.6	 583.4	 39.5	 111.2	 17252.7	 34813.8	
	 40	
21	 Hourglass	 28.3	 0.4	 2.3	 1.3	 380.7	 37.8	 99.2	 10047.7	 9967.3	
22	 Hourglass*	 34.3	 0.5	 1.6	 2.0	 374.3	 37.7	 81.6	 8125.6	 13469.3	
23	 Hourglass	 34.4	 0.4	 1.0	 1.2	 670.7	 30.1	 94.3	 16827.0	 15868.3	
24	 Hourglass	
	
0.7	 1.3	 1.5	 376.5	 39.4	 101.1	 10120.7	 12091.4	
25	 Hourglass	 34.0	 0.3	 0.4	 1.5	 384.3	 40.2	 88.5	 9043.2	 11099.0	
26	 Hourglass*	 31.9	 0.1	 0.3	 1.7	 377.9	 34.5	 82.2	 8259.4	 11347.4	
27	 Hourglass	
	
0.3	 0.7	 0.8	 382.4	 31.5	 60.8	 6185.9	 4154.6	
28	 Hourglass	 35.4	 0.2	 2.7	 3.5	 681.4	 39.7	 128.9	 23358.8	 62361.4	
29	 Hourglass	 		 0.3	 2.6	 4.2	 682.0	 46.1	 130.2	 23624.2	 77488.1	
30	 Funnel*	 191.6	 -0.1	 -0.3	 0.1	 173.5	 2.2	 18.3	 209.0	 59.7	
31	 Funnel	 223.7	 -0.1	 -0.3	 0.1	 418.0	 8.5	 5.0	 158.3	 82.1	
32	 Funnel	 191.7	 -0.1	 -0.2	 0.1	 235.4	 3.7	 13.7	 240.4	 64.7	
33	 Funnel	 137.2	 -1.1	 -0.5	 1.1	 290.8	 9.2	 15.0	 325.4	 1121.6	
34	 Funnel	 147.7	 -0.3	 -0.1	 0.8	 367.2	 8.1	 10.3	 127.7	 755.5	
35	 Funnel*	 121.9	 -13.4	 -1.0	 2.7	 359.3	 1.9	 12.2	 164.3	 2240.4	
36	 Funnel*	 170.9	 -0.7	 0.3	 1.3	 200.0	 4.2	 13.7	 131.6	 727.0	
37	 Funnel	 47.7	 -0.8	 -1.5	 3.9	 549.0	 4.1	 14.6	 155.9	 6386.1	
38	 Funnel	 172.7	 -0.4	 -0.3	 0.6	 232.9	 3.0	 14.1	 195.5	 373.7	
39	 Lobe	 150.0	 0.8	 2.0	 1.2	 104.1	 8.0	 15.4	 427.1	 411.9	
40	 Lobe	 164.4	 1.1	 1.3	 1.8	 142.2	 45.3	 18.3	 692.0	 1828.6	
41	 Lobe*	 223.3	 0.2	 0.8	 1.2	 185.8	 24.4	 35.7	 1762.7	 1861.0	
42	 Lobe*	 177.6	 0.1	 0.5	 1.5	 205.2	 32.1	 40.9	 2232.2	 3087.4	
43	 Lobe	 300.7	 0.6	 0.7	 0.9	 195.2	 29.2	 31.2	 1617.2	 1488.7	
44	 Lobe*	 95.8	 0.1	 0.6	 1.4	 313.1	 15.0	 56.8	 4729.3	 5069.9	
45	 Lobe*	 29.6	 0.1	 0.2	 1.0	 200.4	 35.5	 19.1	 1019.4	 1257.9	
46	 Lobe	 541.4	 0.2	 0.5	 0.5	 415.6	 20.7	 47.9	 5297.7	 2318.1	
47	 Lobe	 737.4	 0.9	 3.0	 1.7	 148.7	 53.7	 67.1	 9978.9	 4211.3	
	 41	
48	 Lobe	 299.3	 0.1	 0.5	 0.1	 306.8	 20.8	 59.6	 4865.8	 457.0	
49	 Lobe	 259.6	 0.8	 0.9	 1.1	 281.2	 16.5	 37.9	 2837.7	 2418.6	
50	 Lobe	 214.8	 0.4	 0.8	 1.2	 306.2	 32.7	 34.5	 10564.9	 3341.9	
51	 Lobe	 359.3	 0.2	 0.8	 1.0	 215.4	 3.8	 31.7	 1818.3	 1284.7	
52	 Lobe*	 156.7	 0.7	 0.3	 0.2	 162.9	 12.7	 32.4	 1403.5	 212.6	
53	 Lobe*	 84.2	 0.1	 0.2	 0.9	 102.7	 2.5	 19.6	 535.4	 334.0	
54	 Lobe*	 110.8	 0.6	 0.6	 0.3	 162.6	 11.7	 38.1	 1647.8	 354.6	
55	 Lobe	 153.8	 0.1	 0.5	 0.7	 301.4	 1.8	 13.1	 1052.8	 525.5	
56	 Lobe	 185.2	 0.1	 0.4	 0.1	 210.9	 1.1	 51.2	 2874.0	 124.0	
57	 Lobe	 79.1	 0.1	 0.8	 1.1	 337.4	 2.6	 47.3	 4246.4	 3198.6	
58	 Lobe*	 68.5	 0.2	 0.7	 0.5	 269.5	 1.0	 44.4	 3184.1	 965.8	
59	 Lobe	 234.8	 1.9	 2.1	 3.5	 207.8	 10.1	 34.4	 1902.9	 5091.0	
60	 Lobe*	 128.9	 0.1	 0.2	 0.1	 238.2	 8.5	 40.4	 2558.8	 188.5	
61	 Lobe	 232.5	 0.1	 1.0	 2.4	 205.8	 13.3	 25.5	 1397.6	 2819.5	
62	 Lobe	 325.3	 0.2	 0.4	 0.9	 112.0	 20.3	 40.3	 1199.9	 921.1	
63	 Lobe	 144.8	 0.1	 0.6	 0.9	 305.2	 17.6	 35.8	 2908.0	 2075.9	
64	 Lobe	 225.9	 0.2	 1.8	 2.4	 271.1	 19.3	 30.5	 2201.1	 4714.9	
65	 Slab	 5.1	 0.8	 1.1	 1.2	 615.5	 568.3	 568.3	 349782.5	 113511.4	
66	 Slab	 4.8	 0.1	 0.1	 1.4	 663.8	 439.8	 439.8	 291979.0	 108733.0	
67	 Slab	 5.8	 0.7	 0.8	 0.7	 826.7	 677.7	 677.7	 560223.0	 107293.9	
68	 Slab	 5.4	 0.3	 0.5	 0.9	 715.9	 688.8	 688.8	 493112.5	 118051.1	
69	 Slab	 6.7	 0.2	 1.0	 5.5	 693.3	 549.4	 549.4	 380941.8	 559344.5	
70	 Slab*	 2.7	 1.3	 1.4	 1.9	 408.3	 516.3	 516.3	 210779.7	 103724.7	





































































































































































































6	 Hourglass	 ~9:55:38	 15	
8	 Hourglass	 10:15:06	 27	
9	 Hourglass	 10:15:06	 26	
41	 Lobe	 10:41:07	 19	
30	 Funnel	 10:41:08	 15	
42	 Lobe	 10:42:36	 28	
44	 Lobe	 10:42:23	 3	
35	 Funnel	 10:42:25	 27	
36	 Funnel	 10:42:30	 20	
12	 Hourglass	 10:43:08	 28	
45	 Lobe	 10:43:21	 15	
52	 Lobe	 10:43:28	 23	
53	 Lobe	 10:43:37	 8	
19	 Hourglass	 10:48:15	 19	
54	 Lobe	 10:52:19	 15	
22	 Hourglass	 10:55:18	 20	
58	 Lobe	 10:55:18	 26	
60	 Lobe	 10:55:19	 4	
70	 Slab	 10:55:39	 15	



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































Hourglass	 31.96	 0.522	 1.26	 2.5	 429.711	 34.059	 93.39	 10,978.96	 22,494.58	
	N=29	 	        	(21,880.32)	
Funnels	 156.11	 -1.89	 -0.42	 1.19	 313.99	 4.99	 12.97	 189.77	 1,312.31	
	N=9	 	        	(2,025.25)	
Lobes	 218.6	 0.38	 0.85	 1.09	 227.21	 17.69	 36.51	 2,882.90	 1,944.74	
	N=26	 	        	(1,583.60)	
Slab	 5.08	 0.55	 0.79	 1.79	 684.49	 604.32	 604.32	 424,626.02	 	182,111.79		
	N=7	 		 		 		 		 		 		 		 		 (167,612.90)	























Hourglass	1	 U	 0.189	 0.328	 0.480	 290	 54	 57	 8,013.90	 1,769.29	
Hourglass	2	 U	 0.328	 1.415	 1.907	 600	 67	 66	 19,198.46	 17,230.16	
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Primary	 138.72	 6.46	 247.93	 6.29E-04	 0.009	




		 		 		 		 		
Primary	 8.27	 8.25	 234.61	 6.00E-04	 0.022	
		 	 	 	 	 		
Secondary	 284.21	 6.74	 	 	 0.013	
		 	 	 	 	 		
Tertiary	 153.88	 5.05	 	 	 0.006	




		 		 		 		 		
Primary	 347.35	 8.06	 236.81	 6.01E-04	 0.023	




		 		 		 		 		
Primary	 1.31	 9.84	 249.84	 6.34E-04	 0.027	
		 	 	 	 	 		













































































































































































































































































































































































































































































































































































































































































































































































































































































































09:00	 5.31	 180.48	 229.81	 5.83E-04	 0.010	
10:00	 5.51	 172.74	 238.62	 6.05E-04	 0.011	
11:00	 4.83	 173.18	 245.57	 6.23E-04	 0.008	
12:00	 6.53	 183.12	 248.79	 6.31E-04	 0.014	
13:00	 6.45	 156.53	 261.18	 6.62E-04	 0.011	
15:00	 7.40	 122.48	 260.37	 6.60E-04	 0.010	
16:00	 5.82	 133.51	 258.16	 6.54E-04	 0.007	
17:00	 5.84	 155.51	 238.90	 6.06E-04	 0.009	
18:00	 5.25	 160.19	 231.22	 5.86E-04	 0.008	























09:00	 6.28	 305.11	 220.20	 5.58E-04	 0.012	
10:00	 7.33	 328.24	 223.11	 5.66E-04	 0.018	
12:00	 8.03	 341.96	 230.49	 5.85E-04	 0.022	
13:00	 8.28	 343.78	 232.58	 5.90E-04	 0.025	
14:00	 8.01	 348.19	 236.55	 6.00E-04	 0.023	
15:00	 7.92	 339.87	 237.03	 6.01E-04	 0.023	
16:00	 7.71	 338.21	 236.03	 5.99E-04	 0.021	
17:00	 5.18	 337.60	 224.85	 5.70E-04	 0.009	
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A	surface	roughness	(z0)	value	of	0.002	was	used	during	modelling,	which	is	an	estimate	of	
surface	roughness	determined	by	Hebrard	et	al.	(2012)	from	Mars	Global	Surveyor	Thermal	
Emission	Spectrometer	rock	abundance	data	for	the	study	area.	
Airflow	results	were	obtained	by	conducting	model	runs	using	5-meter	cells	of	the	
topographic	meshed	surface.	A	simple	grading	in	the	z-direction	was	utilized	to	refine	airflow	
turbulence	closer	to	the	surface	as	well	as	a	refinement	region,	containing	the	Namib	dune,	
which	further	refines	the	surface	to	1-meter	cells	equal	to	the	HiRISE	DTM	resolution.	
Additionally,	to	capture	the	enhanced	crestline,	an	additional	utility	within	OpenFOAM	was	
used	that	extracts	feature	edges	from	the	geometry	surface	and	then	explicitly	specifies	the	
features	during	meshing	where	points	on	the	mesh	boundary	are	attracted	to	the	nearest	
points	of	the	supplied	feature	edge.	In	this	way,	the	airflow	model	successfully	captures	the	
detached	flow	from	the	Namib	dune	brink.	
Model	runs	were	conducted	for	sols	996	and	1238	using	only	reliable	REMS	data,	
excluding	observations	with	wind	sensor	confidence	levels	affected	by	temperatures	less	than	
50°C,	electronic	noise,	rover	movement,	incorrect	wind	sensor	configuration,	and	rear	wind	
direction.	Although	REMS	data	was	affected	by	the	loss	of	two	of	the	winds	sensors,	the	wind	
data	collected	by	the	remaining	sensor	has	been	shown	to	be	in	good	agreement	with	the	Mars	
Regional	Atmospheric	Modelling	System	(Pla-Garcia	et	al.,	2016).	The	remaining	reliable	wind	
data	were	averaged	into	hourly	increments	for	modelling	purposes	(Table	1)	to	investigate	
changes	in	wind	direction	and	magnitude	throughout	the	martian	day	and	to	compare	the	two	
days	of	wind	data	from	opposite	seasons.	Wind	data	was	not	collected	late	evening	or	early	
morning,	spanning	the	hours	between	18:00	to	8:00.	
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5.3	Results	
	
5.3.1	Sol	996	(Ls	348°)	
Summer	winds	generally	have	a	lower	wind	speed	than	winter	winds	and	originate	from	
the	south	(Fig.	4;	Table	1).	For	sol	996,	the	greatest	average	speed	recorded	by	REMS	was	7.4	m	
s-1	and	occurred	mid-afternoon	around	15:00.	REMS	wind	magnitudes	at	9:00	and	18:00	are	
similar,	having	speeds	of	around	5.3	m	s-1.	Modelled	near	surface	winds	on	and	around	Namib	
dune	range	from	8.75	m	s-1	to	12.12	m	s-1	(Fig.	5).	The	greatest	wind	speeds	are	concentrated	
along	the	dune	brink,	where	airflow	travels	up	the	lee	slope	then	on	to	the	stoss	slope	(Fig.	5).	
These	elevated	wind	speeds	along	the	dune	brink	generated	surface	shear	stress	values	ranging	
from	0.007	kg	m-1	s-2	in	the	late	afternoon	to	0.014	kg	m-1	s-2	around	midday	(Fig	6).	
Wind	directions	also	varied	throughout	the	sol.	Between	9:00	and	12:00	winds	were	
more	southerly	(Fig.	7)	but	around	13:00,	wind	direction	began	to	shift	to	the	east	until	about	
17:00	when	they	began	to	shift	south	once	again.	The	south	easterly	winds	have	a	more	
pronounced	effect	on	the	Namib	dune	stoss	slope,	especially	from	times	15:00	to	17:00,	where	
the	near	surface	speeds	and	surface	shear	stress	values	are	relatively	elevated	across	much	of	
the	slope	compared	to	other	times	of	day	(Fig.	5,	6,	7).	The	more	southerly	winds	primarily	affect	
the	dune	crest	and	upper	lee	slope,	where	the	greatest	values	of	wind	speed	and	surface	shear	
stress	are	generated	(Fig.	5,	6,	7)	compared	to	the	more	easterly	winds.	Throughout	the	day,	
none	of	the	wind	directions	or	magnitudes	produced	complex	flow	such	as	eddies	and	vortices	
(Fig.	7)	during	modelling.	Airflow	patterns	are	simple,	following	the	topography	with	a	few	subtle	
diversions	around	the	Namib	dune	(Fig.	6	and	7).	
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Figure	5.	Near	surface	wind	speed	and	wind	vectors	(black	arrows)	for	every	hour	of	sol	996	(southern	summer	
Ls	348°)	as	viewed	from	the	west	on	the	surface.	Wind	vectors	indicate	the	direction	of	the	wind	incident	to	the	
Namib	dune.	
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Figure	6.	Surface	shear	stress	values	for	every	hour	of	sol	996	(summer)	with	wind	direction	represented	by	
black	arrows	in	the	lower	right	of	each	box.	
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5.3.2	Sol	1238	(Ls	102°)	
The	greatest	wind	speed	recorded	by	REMS	for	sol	1238	was	8.28	m	s
-1
	and	occurred	
early	afternoon	around	13:00	(Table	1).	Wind	speeds	in	the	morning	beginning	at	9:00	had	a	
greater	magnitude	than	the	modelled	summer	morning	winds,	where	REMS	recorded	an	
average	of	6.28	m	s
-1
.	Evening	winds	from	17:00	to	18:00	were	more	similar	in	magnitude	to	the	
summer	winds	having	speeds	of	around	5	m	s
-1
.	The	maximum	near	surface	wind	speed	
predicted	by	CFD	modelling	is	15.25	m	s
-1
,	coinciding	with	peak	speeds	measured	by	REMS	at	
Figure	7.	Speed	streamlines	showing	flow	over	the	Namib	dune	for	sol	996	(summer)	for	each	hour	of	the	day.	
Wind	direction	is	from	the	south-southeast.	
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13:00	(Table	1	and	Fig.	8).	Surface	shear	stress	values	were	greater	than	those	generated	during	
the	summer	day	(Table	1	and	Fig.	9).	Modelled	surface	shear	stress	values	for	sol	1238	were	
well	above	the	threshold	for	grain	movement	from	morning	to	late	afternoon	(09:00	–	17:00).	
The	greatest	values	of	surface	shear	stress	on	the	Namib	dune	were	located	along	the	dune	
brink	with	much	of	the	stoss	slope	also	having	elevated	values	of	surface	shear	stress	(Fig.	9).		
	 Wind	direction	largely	originated	from	the	northwest	and	was	the	dominant	wind	
direction	for	the	majority	of	sol	1238	(Fig.	10).	Based	on	surface	shear	stress,	these	northwest	
winds	affected	the	entire	Namib	dune	stoss	and	the	western	portion	of	the	dune	brink	which	
had	elevated	values	of	surface	shear	stress	compared	to	the	rest	of	the	dune	(Fig.	9).	At	9:00,	
the	wind	direction	was	more	westerly	which	had	a	greater	effect	on	the	western	flank	of	the	
Namib	dune,	coinciding	with	the	secondary	slipface	slope	of	the	dune	(Fig.	9	and	Fig.	10;	Ewing	
et	al.,	2017).	By	18:00,	the	origin	of	wind	direction	shifted	to	northeast	(Fig.	10).	This	shift	in	
winds	resulted	in	the	surface	shear	stress	values	along	the	secondary	slipface	to	drastically	
decrease	and	the	surface	shear	stress	values	on	the	eastern	half	of	the	stoss	slope	to	become	
elevated	(Fig.	9).	
No	significant	flow	separation	and	reattachment	was	predicted	by	the	model	for	any	of	
the	wind	directions	or	magnitudes	throughout	the	winter	day.	However,	large	helices	did	form	
on	the	lee	side	of	the	Namib	dune	beginning	at	10:00	and	continuing	through	17:00	(Fig.	10).	
These	large	helices	formed	via	redirected	flow	around	the	western	flank	of	the	dune.	When	the	
winds	were	more	westerly	or	easterly,	the	complexity	of	airflow	decreased	and	these	large	
helices	disappeared.		
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Figure	8.	Near	surface	wind	speed	and	wind	vectors	(black	arrows)	for	every	hour	of	sol	1238	(winter)	as	
viewed	from	the	surface	from	the	west.	Wind	vectors	show	the	direction	of	the	wind	incident	to	the	Namib	
dune.	
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Figure	9.	Surface	shear	stress	values	for	every	hour	of	sol	1238	(winter)	with	wind	direction	represented	by	
black	arrows	in	the	lower	right	of	each	box.	
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5.4	Discussion	
Both	sol	996	and	sol	1238	exhibit	distinct	patterns	in	wind	speed	during	the	day.	As	
temperatures	increase,	wind	speeds	also	increase.	One	significant	difference	between	summer	
and	winter	seasonal	patterns	was	the	time	in	which	peak	wind	speeds	occurred	during	the	day.	
In	general,	summer	peak	winds	typically	occurred	later	in	the	afternoon	than	winter	winds	(Fig.	
11).	Summer	winds	generally	originate	from	the	southeast	(Fig.	4)	and	are	lower	in	magnitude		
Figure	10.	Speed	streamlines	showing	flow	over	the	Namib	dune	for	sol	1238	(winter)	for	each	hour	of	the	day.	
Wind	direction	is	from	the	northwest-northeast.	
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than	the	northerly	winds	of	winter	(Table	1).	While	summer	winds	are	generally	lower	in	
magnitude	and	incident	to	the	Namib	dune	slipface,	they	can	still	have	an	influence	on	
sediment	redistribution	and	impact	ripple	formation	along	the	lee	slope	as	well	as	ripple	
migration	on	the	stoss	slope.	Dune	activity	threshold	based	on	shear	stress	was	estimated	on	
Mars	at	Nili	Patera	to	be	0.01	±	0.0015	kg	m
-1
	s
-2
	(Ayoub	et	al.,	2014).	Threshold	wind	speeds	
have	never	been	measured	on	Mars,	however,	in	situ	observation	during	the	Namib	dune	
campaign	recorded	subtle	intra-sol	grain	movement	during	periods	when	REMS	wind	speeds	
were	above	8.5	m	s
-1	
(Bridges	et	al.,	2017).	Grain	movement	at	these	wind	speeds	was	
extremely	limited,	typically	resulting	in	grain	‘scrambling’	as	opposed	to	unidirectional	grain	
Figure	11.	REMS	wind	data	for	sols	996	and	1238.	Wind	speed	increases	during	the	morning	and	peaks	in	the	
afternoon,	decreasing	again	with	the	approach	of	the	evening.	Sol	996	(summer)	winds	peaked	later	in	the	
afternoon	around	15:00	compared	to	sol	1238	(winter)	where	wind	speeds	peaked	around	13:00.	
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transport	and	it	is	estimated	that	average	wind	speeds	above	10	m	s
-1
	are	required	for	
consistent	grain	saltation	(Bridges	et	al.,	2017).		
	
5.4.1	Sol	996	Aeolian	Activity	
The	lowest	wind	speed	used	in	CDF	modelling	averaged	4.83	m	s
-1	
for	summer	REMS	
observations	between	11:00	and	12:00	(Table	1).	This	wind	speed	produced	elevated	near	
surface	wind	speeds	and	a	maximum	surface	shear	stress	value	of	0.008	kg	m
-1
	s
-2	
along	the	
Namib	dune	brink	(Fig.	5	and	6).	Under	these	conditions,	it	is	unlikely	that	any	aeolian	
modification	is	occurring.	Before	11:00,	REMS	wind	speeds	were	slightly	greater,	having	an	
average	speed	of	5.51	m	s
-1	
(Table	1).	These	wind	speeds	generated	surface	shear	stress	values	
equivalent	to	or	slightly	above	the	threshold	value	for	sediment	movement	(Fig.	6),	suggesting	
that	some	grain	movement	may	have	taken	place	but	it	was	likely	not	sustained	for	long	
periods	of	time.	If	grain	movement	did	take	place,	it	was	confined	to	the	dune	brink,	reversing	
sediment	transport	back	onto	the	stoss	slope	but	sediment	on	the	lee	and	stoss	slopes	were	
likely	unaffected.		
The	greatest	summer	wind	speeds	for	sol	996	were	recorded	by	REMS	in	the	early	
afternoon	and	averaged	7.40	m	s
-1	
between	13:00	and	14:00	(Table	1).	This	wind	speed	
generated	near	surface	wind	speeds	up	to	12.12	m	s
-1	
(Fig.	5),	correlating	to	a	maximum	surface	
shear	stress	of	0.011	kg	m
-1	
s
-2	
(Fig.	6),	just	above	the	threshold	for	grain	movement.	The	
greatest	values	of	surface	shear	stress	were	predicted	during	12:00	-	13:00,	having	a	maximum	
value	of	0.014	kg	m
-1	
s
-2
,	which	may	have	resulted	in	more	sustained	sediment	movement	for	
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that	hour	of	the	day.
		
The	Namib	dune	stoss	slope	was	largely	unaffected	in	terms	of	surface	
shear	stress	except	for	portions	of	the	eastern	half	of	the	dune,	especially	near	the	dune	brink.			
The	stoss	slope	ripples	form	a	ladder-back	pattern	(Fig.	3),	where	smaller	impact-
generated	ripples	are	superimposed	on	the	larger	ripples	that	trend	NW	and	NE	(Lapotre	et	al.,	
2016;	Ewing	et	al.,	2017),	however,	summer	is	likely	a	time	of	very	little	modification	to	these	
aeolian	features.	Wind	direction	for	sol	996	shifted	to	a	more	easterly	origin	around	13:00	(Fig.	
7),	which	would	have	had	a	greater	influence	on	the	Namib	stoss	slope	ripples	except	by	that	
time	of	day,	wind	speeds	had	decreased	and	the	surface	shear	stress	values	were	below	the	
threshold	for	grain	movement.	Alternatively,	ripple	migration	may	be	maintained	at	lower	wind	
speeds	by	brief	gusts	of	wind	and	the	development	of	self-sustaining	saltation	clusters	that	
occur	on	Mars	due	to	the	lower	gravity	and	reduced	vertical	drag	from	the	thin	atmospheric	
(Claudin	and	Andreotti,	2006;	Almeida	et	al.,	2008;	Kok,	2010a,b;	Kok	et	al.,	2012;	Sullivan	and	
Kok,	2017).	
	
5.4.2	Sol	1238	Aeolian	Activity	
Wind	directions	for	the	winter	season	generally	originated	from	the	north	(Fig.	4),	in	
contrast	to	the	summer	southerly	winds.	The	lowest	wind	speeds	for	sol	1238	occurred	late	
afternoon	around	17:00,	where	the	average	speeds	dropped	to	5.18	m	s
-1	
and	the	surface	shear	
stress	values	were	below	the	threshold	for	sediment	movement	(Fig.	9).	Very	little	sustained	
grain	movement	is	likely	occurring	on	the	Namib	dune	during	this	time	at	these	wind	speeds.	It	
is	probable	that	aeolian	activity	shuts	down	completely	after	~18:00,	similar	to	sol	996	as	the	
wind	speeds	decrease	with	the	approach	of	night	time.	Aeolian	activity	may	begin	earlier	in	the	
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day	during	sol	1238	when	compared	to	sol	996	based	on	the	greater	wind	speeds	recorded	at	
9:00	by	Curiosity.	Sol	1238	average	REMS	wind	speeds	at	9:00	were	6.28	m	s
-1	
(Table	1),	
corresponding	to	a	maximum	surface	shear	stress	value	of	0.012	kg	m
-1	
s
-2	
(Fig.	9),	suggesting	
some	sediment	movement	is	occurring.	The	maximum	wind	speed	occurred	between	13:00	and	
14:00	with	a	REMS	hourly-averaged	speed	of	8.28	m	s
-1
,
	
capable	of	generating	maximum	near	
surface	wind	speeds	of	15.25	m	s
-1	
(Fig.	8).	These	elevated	wind	speeds	generated	surface	shear	
stress	values	well	above	the	threshold	with	a	maximum	of	0.025	kg	m
-1	
s
-2	
during	this	time	of	
day	(Fig.	9).	Surface	shear	stress	values	remained	above	the	threshold	value	for	much	of	sol	
1238	from	09:00	to	17:00.	These	elevated	shear	stress	values	were	enough	to	affect	the	entire	
stoss	slope,	sufficient	to	activate	ripple	movement	as	well	as	generate	prolonged	grainfall	and	
grainflow	activity	on	the	lee	side	of	the	Namib	dune.			
	 Wind	direction	for	sol	1238	was	consistently	from	the	northwest	throughout	the	day	
except	for	a	sudden	shift	to	the	northeast	at	18:00	(Fig.	10).	Wind	directions	for	09:00	were	
more	westerly,	which	may	have	influenced	sediment	redistribution	and	ripple	movement	along	
the	western	flank,	or	secondary	slipface,	of	the	Namib	dune.	The	complex	helical	flow	predicted	
by	the	model	on	the	lee	side	of	the	dune	between	10:00	and	18:00	may	not	have	had	a	
significant	influence	on	sediment	transport	since	the	helical	patterns	were	composed	of	low	
wind	speeds	of	around	4	m	s
-1
	or	less	(Fig.	10).	More	northerly	winds	that	dominated	sol	1238	
appear	to	have	had	a	greater	effect	on	the	western	half	of	the	dune	brink	line	(Fig.	9	and	Fig.	
10),	potentially	producing	more	grainfall	and	grainflow	activity	for	a	longer	period.	Elevated	
values	of	near	surface	wind	speeds	and	surface	shear	stress	do	not	occur	on	the	eastern	half	of	
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the	dune	brink	line	until	wind	direction	shifts	at	18:00	to	a	more	easterly	origin	and	by	this	
time,	aeolian	activity	is	shutting	down	with	lower	evening	wind	speeds	(Fig.	8,	9,	10).	
	
5.4.3	Namib	Aeolian	Environment	
	
Based	on	HiRISE-derived	change	detection,	overlapping	with	the	REMS	dataset	in	this	
study,	the	most	dynamic	seasons	for	aeolian	activity	within	the	Bagnold	dune	field	was	spring	
and	summer	(Bridges	et	al.,	2017).	Active	migration	of	the	Namib	dune	to	the	southwest	was	
also	confirmed	(Bridges	et	al.,	2017),	consistent	with	previous	studies	(Silvestro	et	al.,	2013,	
2016).	Unfortunately,	changes	to	the	ripples	on	the	Namib	dune	could	not	be	confidently	
tracked	due	to	their	rapid	migration	rates	(Bridges	et	al.,	2017).	Curiosity	visited	the	Namib	
dune	during	late	autumn	and	recorded	minimal	grain	movement	(Bridges	et	al.,	2017).		
Very	little	change	was	detected	from	HiRISE	images	during	autumn	and	winter,	
suggesting	that	conditions	are	not	conducive	to	aeolian	activity.		Winter	winds	should	be	
favourable	to	aeolian	transport	and	dune	migration	to	the	southwest	but	HiRISE	observations	
contradict	these	modelling	predictions.	Early	springtime	wind	conditions	are	similar	to	winter	
winds	in	direction	and	magnitude	and	much	of	the	observed	aeolian	activity	through	satellite	
detection	occurs	during	the	spring.	It	is	possible	that	during	the	autumn	and	winter	seasons,	
aeolian	activity	is	halted	due	to	water	frost	condensation	between	sand	grains	(Martinez	et	al.,	
2016;	Bridges	et	al.,	2017).	Rising	temperatures	in	the	Spring	may	eliminate	induration	from	
water	ice	or	frost,	reactivating	aeolian	processes.	Geochemical	precipitates	can	also	affect	
aeolian	activity,	however,	an	extremely	low	volatile	content	was	measured	at	the	Namib	dune	
during	late	autumn	(Ehlmann	et	al.,	2017)	and	potential	geochemical	precipitates	in	the	form	of	
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anhydrite	composed	less	than	1.5	weight	percent	of	the	dune	sediment	(Achilles	et	al.,	2017).	
Based	on	these	results,	sediment	induration	due	to	ice	or	salts	seems	unlikely.	
One	remaining	explanation	for	the	decreased	aeolian	activity	during	the	winter	may	be	
due	to	dust	infiltration	(Jakosky	and	Christensen,	1986).	Due	to	the	effects	of	dust	infiltration,	
the	martian	dust	cycle	may	have	a	significant	effect	on	seasonal	and	daily	transport	of	aeolian	
sediment.	Dust	is	typically	injected	during	the	southern	spring	when	temperatures	are	rising	
along	with	wind	speeds	and	settles	during	late	southern	summer	and	throughout	the	autumn	
season	(e.g.	Newman	et	al.,	2002;	Basu	et	al.,	2004;	Guzewich	et	al.,	2017).	Despite	winter	
winds	being	conducive	to	grainfall	and	grainflow	activity,	these	aeolian	processes	may	be	
inhibited	due	to	dust	settling	and	insufficient	wind	velocities,	which	may	need	to	exceed	15		m	
s
-1
	(Newman	et	al.,	2002),	to	overcome	the	inter-particle	cohesion	of	typical	martian	
atmospheric	dust	estimated	to	be	on	the	order	of	1	µm	(Toon	et	al.,	1977;	Pollack	et	al.,	1995).	
Lastly,	summer	may	be	a	season	of	aeolian	change,	but	perhaps	not	as	rapid	as	during	
early	spring.	Model	output	suggests	that	sediment	movement	is	minimal	and	confined	to	a	
short	period	of	time	during	the	day	when	wind	velocities	are	the	greatest.	However,	greater	
wind	speeds	occurred	throughout	the	summer	(Fig.	4)	and	may	have	initiated	grain	transport	
for	longer	periods.	These	southerly	winds	would	transport	sediment	from	the	dune	brink	north	
on	to	the	stoss	slope,	possibly	resulting	in	a	rounding	of	the	brink	line.	Greater	wind	speeds	
originating	from	the	southwest	might	drive	the	migration	of	the	ladder-back	stoss	ripples.	In	
addition,	south	westerly	winds	may	be	responsible	for	the	formation	of	the	lee	slope	impact	
ripples.		
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5.5	Conclusion	
Typical	seasonal	wind	conditions	exhibited	by	sol	996	and	sol	1238	corresponding	the	
summer	and	winter	seasons,	respectively,	were	analysed	using	CFD	airflow	modelling	to	
investigate	effects	of	local	topography	on	near	surface	winds	and	surface	shear	stress	values	on	
the	Namib	dune	in	Gale	Crater,	Mars.	Hourly	wind	directions	and	magnitudes	were	modelled	
throughout	each	Mars	day	for	both	the	summer	and	winter	seasons,	beginning	at	9:00	and	
continuing	through	to	18:00	using	data	collected	by	Curiosity	REMS	(Table	1).			
Summer	winds	typically	originate	from	the	southeast	and	are	lower	in	magnitude	than	
winter	winds	(Table	1).	Modelling	results	of	sol	996	suggest	that	very	little	aeolian	transport	
occurs	on	a	typical	summer	day	with	early-afternoon	winds	being	the	most	influential	having	
the	greatest	magnitude	and	surface	shear	stress	values	above	the	threshold	for	grain	
movement	(Fig.	6).	The	south	easterly	summer	winds	appeared	to	affect	the	dune	brink	the	
most,	potentially	resulting	in	displacement	of	sediment	on	to	the	stoss	slope	and	potentially	
smoothing	the	brink	line	(Fig.	5,	6,	7).	These	winds	may	also	promote	the	formation	and	
migration	of	the	impact	ripples	across	the	lee	slope	as	well	as	the	ladder	back	ripples	observed	
on	the	stoss	slope.		
	 Typical	winter	winds	originate	from	the	northwest	and	are	sufficient	to	sustain	
prolonged	aeolian	activity	throughout	a	typical	winter	day.	Surface	winds	for	sol	1238	beginning	
at	9:00	exceeded	11	m	s
-1
	and	peak	surface	wind	speeds	occurred	at	13:00	reaching	15	m	s
-1	
(Fig.	8	and	Fig.	9),	correlating	to	surface	shear	stress	values	well	above	the	threshold	for	
sediment	movement.	These	winds	speeds	should	be	favourable	to	grain	saltation	but	
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concurrent	HiRISE	observations	showed	very	little	dune	change	during	the	autumn	and	winter	
seasons	suggesting	that	something	is	preventing	detectable	grain	saltation,	grainfall,	and	
slipface	advancement.	
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CHAPTER	6	
	
	
Summary	of	findings	and	contributions	
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Grainflow	Morphodynamics	
	 This	study	was	the	first	to	introduce	a	classification	of	grainflow	activity	providing	
descriptions	and	comparisons	of	variations	in	grainflow	planform	morphology	as	well	as	flow	
thickness	and	volume	estimates	or	redistributed	sediment.	The	grainflow	morphologies	
observed	during	data	collection	in	the	Maspalomas	dune	field	include,	slab	flows,	hourglass	
flows,	funnel,	and	lobe	flows.	On	average,	grainflows	were	approximately	1	cm	thick,	ranging	
between	0.05	and	8	cm.	Grainflow	thickness	increased	downslope,	where	sediment	
accumulated	at	the	base	of	the	slipface,	resulting	in	a	wedge	shape.	Slab	flows	were	rare	but	
transported	the	greatest	amount	of	material,	averaging	approximately	182,000	cm
3
	or	
redistributed	sediment	per	flow	event.	Hourglass	grainflows	occurred	regularly	and	
redistributed	an	average	of	approximately	22,000	cm
3
	per	flow	event.	Funnel	and	lobe	flows	
were	small,	superficial	flows	that	typically	occurred	in	between	larger	grainflow	events.	These	
grainflows	redistributed	an	average	sediment	volume	between	1,000	and	2000	cm
3
	per	flow	
event.		
	Grainflow	morphodynamics	may	be	a	reflection	of	the	local	wind	regime,	turbulent	
wind	patterns	on	the	slipface,	sediment	characteristics	or	other	environmental	factors	such	as	
salt	or	moisture	content.	A	classification	of	grainflow	morphologies	enables	comparative	
studies	to	take	place	across	a	range	of	aeolian	environments	and	may	also	provide	valuable	
insights	into	grainflow	deposits	preserved	in	the	rock	record.	This	classification	will	also	be	
useful	in	interpreting	aeolian	environments	and	slipface	dynamics	on	other	planets.	
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Grainflow	Classification	Applied	to	a	Martian	Dune	Slipface	
	 Images	captured	by	the	Curiosity	rover	in	front	of	the	Namib	dune	on	Mars	provided	a	
unique	opportunity	to	directly	compare	terrestrial	slipface	grainflow	dynamics	to	martian	
slipface	dynamics.	Aeolian	signatures	and	grainflow	activity	were	well-preserved	on	the	martian	
dune	enabling	the	terrestrial	grainflow	classification	system	from	Chapter	2	to	be	applied	which	
provided	a	means	to	surmise	details	about	the	aeolian	environment	and	the	most	recent	
slipface	activity.	In	addition,	grainflow	thicknesses	were	estimated	for	two	of	the	freshest	
grainflows	on	the	Namib	dune	using	trigonometric	calculations	based	on	the	shadow	lengths	
cast	by	the	flows	and	the	sun’s	elevation	at	the	time	the	image	was	acquired.	Grainflow	
thicknesses	for	the	Namib	dune	appear	to	be	thinner	than	those	observed	in	the	Maspalomas	
dune	field.	Despite	the	thinner	flows,	the	Namib	grainflows	distributed	equivalent	volume	
amounts	of	sediment	as	the	Maspalomas	flows,	which	was	attributed	to	differences	in	
grainflow	length.		
	Multiple	hourglass	grainflows	were	present	on	the	Namib	dune	suggesting	that	the	
slipface	experiences	high	energy	events,	capable	of	transporting	large	amounts	of	sediment	
from	the	stoss	slope	to	the	lee	slope,	thereby	triggering	several	grainflow	events	that	
successfully	transport	sediment	to	the	base	of	the	slipface.	The	freshest	grainflow	were	also	
hourglass	morphologies	along	with	a	small	number	of	lobe	and	funnel	flows.	Observations	at	
the	Maspalomas	dune	field	occurred	during	high-magnitude	winds	and	produced	multiple	
hourglass	grainflows	and	these	flows	were	also	accompanied	by	several	lobe	and	funnel	
grainflows	that	preceded	or	followed	the	initiation	of	hourglass	flows	and	the	occasional	slab	
flow.	Very	little	evidence	of	lobe	and	funnel	flows	were	identified	on	the	Namib	dune	slipface	
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and	those	that	were	present	were	largely	confined	to	just	below	the	dune	brink,	suggesting	a	
low	wind	energy	incapable	of	depositing	sediment	mid	slope	to	create	localised	over	
steepening.	The	Maspalomas	slipface	was	also	highly	dynamic,	where	any	evidence	of	previous	
grainflow	activity	was	erased	by	grainfall	before	another	grainflow	occurred.	The	Namib	dune	
slipface,	in	contrast,	has	multiple	aeolian	features	preserved	on	the	slope,	including	impact	
ripples	that	are	crosscut	by	grainflow	activity	and	tensional	cracks,	suggesting	there	was	little	to	
no	grainfall	to	erase	previous	aeolian	activity.		
The	rover	visited	the	Namib	dune	during	late	autumn	and	according	to	HiRISE	satellite	
monitoring,	the	autumn	and	winter	seasons	are	a	period	of	very	little	aeolian	change.	Aeolian	
activity	occurred	in	the	summer	before	Curiosity’s	visit	to	the	dune	and	the	slipface	may	reflect	
aeolian	activity	experienced	when	winds	originated	from	the	southeast.	These	winds,	being	
incident	to	the	Namib	slipface	would	be	incapable	of	rebuilding	the	slipface	slope	from	grainfall	
and	initiating	the	large	hourglass	flows.		Therefore,	the	hourglass	grainflows	require	an	
alternative	formation	mechanism	capable	of	transporting	large	amounts	of	sediment	to	the	
slipface	in	a	low	energy	environment.	As	previously	observed	by	Ewing	et	al.	(2017),	the	actively	
migrating	large	stoss	ripples	on	the	Namib	dune	intersect	the	dune	brink	obliquely	and	can	
introduce	sufficient	amounts	of	sediment	to	the	upper	slipface	slope	to	trigger	grainflow	as	
they	migrate.	This	mechanism	would	also	explain	why	lobe	and	funnel	flows	are	confined	to	just	
below	the	dune	brink	with	the	continual	introduction	of	sediment	throughout	the	summer	
season.		
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Computational	Fluid	Dynamic	Airflow	Modelling	of	the	Namib	Dune,	Gale	Crater,	Mars	
	 Seasonal	and	daily	simulations	were	conducted	for	the	Namib	dune	to	investigate	the	
complex	local	airflow	patterns	responsible	for	the	aeolian	signatures	present	on	the	Namib	
dune	stoss	and	lee	slopes.	These	simulations	constrained	periods	throughout	the	Mars	year	and	
day	when	the	Namib	dune	is	actively	migrating	and	periods	when	the	local	winds	(collected	by	
the	Curiosity	rover)	have	a	greater	effect	on	ripple	migration.		
	 Seasonal	airflow	simulations	of	MY	33	suggest	that	the	seasons	most	conducive	to	
grainfall	and	slipface	advancement	due	to	grainflow	activity	are	autumn,	winter,	and	early	
spring.	Each	of	these	seasons	had	wind	directions	and	magnitudes	capable	of	generating	
complex	airflow	patterns	on	the	lee	side	of	the	Namib	dune,	including	flow	separation	at	the	
dune	brink,	reattachment	flow	as	well	as	steered	flow	helical	flow.	However,	HiRISE	images	
collected	throughout	that	same	mars	year	indicate	that	the	Namib	dune	was	immobile	during	
the	autumn	and	winter	seasons	and	most	active	during	spring	and	summer.	The	lack	of	slipface	
advancement	during	autumn	and	winter,	despite	wind	direction	and	magnitude	being	
favourable	to	grainflow	activity,	may	be	due	to	the	presence	of	seasonal	deposits	of	frost	and	
ice	that	cement	the	top	layer	of	sand	grains.	Although	the	wind	directions	are	more	southerly	
during	late	spring	and	throughout	the	summer,	slipface	advancement	may	still	occur	if	
sustained	by	stoss	ripple	migration.	Large	amounts	of	sediment	may	be	introduced	on	to	the	
slipface	slope	as	the	large	stoss	ripples	obliquely	intersect	the	brink.	The	addition	of	sediment	
from	the	stoss	ripples	results	in	localised	over	steepening	in	the	absence	of	grainfall	or	grain	
saltation	over	the	dune	brink.	This	process	may	occur	throughout	the	summer	season	but	
without	a	way	to	erase	previous	grainflow	activity	and	restore	the	slipface	slope,	this	
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mechanism	of	grainflow	activity	would	eventually	terminate.	This	would	explain	the	lack	of	
grainfall	evidence	from	the	seemingly	fresh	aeolian	signatures	preserved	on	the	slipface	slope	
when	the	Curiosity	rover	visited	Namib	dune	in	late	autumn.	It	is	likely	that	the	early	spring	is	
the	primary	time	of	the	martian	year	when	the	slipface	slope	is	rebuilt	and	most	of	the	
grainflow	activity	occurs.	
	 Daily	airflow	simulations	were	conducted	for	a	typical	summer	and	winter	day.	Days	
from	summer	and	winter	were	chosen	to	contrast	airflow	patterns	from	opposing	wind	
directions	at	opposite	times	of	the	martian	year.	The	summer	season	generally	has	lower	
magnitude	winds	than	a	typical	winter	day	and	winds	originate	from	the	southeast,	as	opposed	
to	the	northwest.	Wind	speeds	increased	during	the	morning	for	both	the	summer	and	winter	
day	and	peak	sometime	in	the	afternoon.	For	the	winds	during	the	summer	day,	this	peak	
occurred	around	12:00,	whereas	the	peak	wind	speed	for	the	winter	day	occurred	around	
15:00.	Surface	shear	stress	values	derived	from	airflow	simulations	for	the	summer	day	
suggested	that	very	little	aeolian	transport	occurred.	The	greatest	values	of	surface	shear	stress	
were	located	along	the	Namib	dune	brink	but	during	greater	wind	speeds	and	more	easterly	
winds,	the	ladder	back	ripples	on	the	stoss	slope	are	likely	actively	migrating	and	introducing	
sediment	on	to	the	slipface.	Wind	speeds	throughout	much	of	the	winter	day	were	conducive	
to	sediment	transport,	as	indicated	by	surface	shear	stress	values.	After	16:00	surface	shear	
stress	values	dropped	below	the	threshold	for	grain	movement	as	wind	speeds	decreased.	
Winds	were	primarily	from	the	northwest	throughout	much	of	the	day	and	generated	helical	
flow	patterns	on	the	lee	side	of	the	dune.	However,	as	revealed	during	investigations	of	
seasonal	airflow	patterns,	the	winter	is	a	time	of	little	to	no	slipface	advancement	despite	wind	
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directions	and	speeds	being	favourable	to	grainflow	activity.	The	early	spring	season,	when	
slipface	advancement	begins,	is	similar	to	the	winter	season	in	regards	to	wind	direction	and	
magnitude.	Therefore,	the	wind	patterns	observed	during	the	winter	day	are	likely	very	similar	
to	those	experienced	during	early	spring.	
	
Future	Research	
	 The	microscale	CFD	modelling	results	presented	herein	are	a	significant	improvement	to	
mesoscale	modelling	previously	conducted	for	the	martian	aeolian	environment	in	terms	of	
spatial	resolution.	However,	there	are	limitations	to	the	model	and	uncertainties	introduced	
from	the	dataset.		
The	movement	of	the	Curiosity	rover	was,	perhaps,	the	greatest	source	of	uncertainty	
apart	from	the	loss	of	the	two	wind	sensors	in	this	study.	Ideally,	wind	data	would	have	been	
collected	from	a	stationary	source	where	the	effects	of	local	topography	could	be	minimal	
and/or	consistent.	Wind	data	scatter	was	evident	in	rose	diagrams	of	REMS	data	but	that	
scatter	was	minimized	by	seasonally	averaging	wind	data	(or	selecting	days	of	wind	data	less	
likely	to	be	influenced	by	topography	based	on	rover	location)	and	validating	the	reliability	of	
observed	seasonal	and	daily	trends	with	mesoscale	model	predictions.	Due	to	these	limitations,	
future	missions	to	Mars	focusing	on	meteorology	or	aeolian	processes	would	significantly	
benefit	from	the	installation	of	a	stationary	collection	site.	
A	more	attainable	goal	for	future	study	of	the	martian	aeolian	environment	would	be	
the	ability	to	incorporate	time-dependent	data	allowing	for	the	investigation	of	sudden	gusts	of	
wind	and	detailed	changes	in	wind	direction	and	speed.	The	ability	to	study	the	effects	of	gusts	
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of	wind	is	especially	important	to	the	martian	aeolian	environment	where	the	lower	surface	
gravity	and	atmospheric	pressure/drag	results	in	the	rapid	formation	of	saltation	clouds	from	
the	initial	movement	of	only	a	few	grains.	In	addition,	the	incorporation	of	time-dependent	
data	would	also	be	valuable	for	studying	diurnal	wind	shifts	unique	to	Gale	Crater,	where	
daytime	winds	generally	originate	from	the	north	but	increasingly	adjust	to	more	southerly	
winds	as	the	evening	approaches.	To	conduct	a	more	detailed	analysis	of	time-dependent	wind	
speed	and	direction	changes	and	the	subsequent	effects	on	sediment	transport,	a	Large	Eddy	
Simulation	(LES)	turbulence	model	is	required.	The	computational	cost	of	LES	modelling	can	be	
significant	but	would	be	highly	valuable	in	future	studies	of	martian	aeolian	dynamics.	LES	
modelling	would	further	constrain	seasonal	times	of	sediment	transport	and	improve	estimates	
of	bulk	sediment	migration	but	would	be	limited	to	the	frequency	of	wind	data	collection	as	
well	as	the	changing	location	of	the	rover	along	its	traverse.		
	
Overall	Assessment	
	 In	conclusion,	this	overall	PhD	study	represents	a	major	contribution	to	the	current	
understanding	of	slipface	processes,	bedform-scale	airflow	dynamics	and	the	martian	aeolian	
environment	regarding	the	categorization	and	quantification	of	grainflow	types,	turbulent	
airflow	patterns	modeled	at	1	m	resolution	on	Mars	in	relation	to	sand	ripple	response	and	
alcove	formation	on	a	lee	slope	of	a	martian	dune.		
